Abstract-An electromagnetic calorimeter (ECAL) using an inorganic scintillating crystal has recently been developed for the COMET experiment at J-PARC in Japan, which searches for muon-to-electron conversion of a charged lepton flavor violating process. The ECAL is required to have an energy resolution better than 5% at 105 MeV, position resolution shorter than 1 cm, and time response faster than 100 ns which can be operated in a vacuum and a magnetic field of 1 T. A prototype ECAL was developed with the candidate crystals of GSO (Gd2SiO5) and LYSO (Lu2−xYxSiO5). A beam test was carried out using an electron beam of 65 -145 MeV/c at the Research Center for Electron Photon Science at Tohoku University in Japan. The results were as follows: Both the crystals have good linearity. GSO (LYSO) has energy resolution of 5.50 ± 0.02(stat) ± 0.04(syst) % (4.91 ± 0.01(stat) ± 0.07(syst) %), and position resolution of 8.1 mm (7.9 mm) at 105 MeV/c. The energy and position resolution depend on the beam incident position on the ECAL.
I. INTRODUCTION
S OME physics beyond the Standard Model (BSM) predict muon-to-electron (µ−e) conversion arising from a charged lepton flavor violating process. When a muon is trapped by an atom whose nucleus (N (A, Z)) has the mass number A and the atomic number Z, it undergoes either muon capture or decay in orbit (DIO) in the Standard Model (SM),
− +ν e + ν µ + N (A, Z).
However, in the BSM, the trapped muon can decay to an electron without neutrinos, violating charged lepton flavor conservation. In the case of aluminum atoms used for the stopping target in our experiment, its branching ratio (BR) in the SM is suppressed very strongly to O(10 −54 ). Conversely, according to the BSM, the BR can increase up to O(10 −15 ) [1] . Because of the difference in the BRs, µ − e conversion is a very clean probe for exploring the BSM.
The signal electron from µ − e conversion in aluminum atoms has a monochromatic energy of E µe = 105 MeV. The muon capture and DIO are irreducible backgrounds. Especially, the end-point of the energy spectrum of the electron arising from DIO reaches very close to E µe ( Fig. 1) [2] . A high energy resolution is required to discriminate the µ − e conversion signals from the DIO backgrounds.
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A. The COMET experiment
We have an experimental plan to search for µ−e conversion at J-PARC in Ibaraki, Japan, named the COMET experiment (Coherent Muon to Electron Transition). Its facility and a new high intensity muon beam line designed for the COMET experiment are being built at the Hadron Experimental Hall. The experimental schedule is based on a two-staging plan: Phase-I (2016) and Phase-II (2019) will have sensitivities of ∼ 10 −15 and ∼ 10 −17 , respectively. In the Phase-I, the beam origin backgrounds will be also measured to understand the new high intensity muon beam. Finally, Phase-II will improve the current limit of 7×10 −13 set by the SINDRUM-II experiment by 10 4 [3] .
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A section to collect muons from decay of pions under a solenoidal magnetic field. 978-1-4799-6097-2/14/$31.00 ©2014 IEEE Fig. 2 shows a schematic layout of the Phase-II facility. Protons from the J-PARC main ring entered the pion production target. Produced pions are transported and decay to muons in the transport solenoid. The muons are trapped by the aluminum stopping target. Fig. 3 shows a more detailed schematic layout of the solenoid spectrometer and the detector section. The solenoid spectrometer rejects low momentum particles emitted from the stopping target. A straw chamber tracker and an electromagnetic calorimeter (ECAL) measure particle momentum and energy.
The COMET ECAL is necessary for triggering and particle identification in the COMET experiment and its R&D is ongoing. We developed a prototype ECAL and carried out a beam test. In this paper, the current R&D status will be presented. The COMET Phase-II detector section and the electromagnetic calorimeter.
II. THE COMET ELECTROMAGNETIC CALORIMETER
The ECAL works as a trigger detector that provides timing information to the COMET detector. Particle identification is performed by combining energy with momentum measured by the straw chamber tracker. For these purposes, the requirements for the ECAL are as follows: energy resolution better than 5% at 105 MeV to trigger candidate events efficiently, position resolution shorter than 1 cm to assist in tracking by the straw chamber tracker, time response faster than 100 ns to ensure enough pile-up tolerance, and operation in a vacuum and a magnetic field of 1 T.
A. Design
In order to achieve an energy resolution better than 5% at 105 MeV, the ECAL consists of inorganic scintillating crystals, which have relatively small radiation length and Molière radius. The photodetector is Avalanche Photo Diode (APD), Hamamatsu S8664-55, whose sensitive area is 5 × 5 mm 2 . APD can be operated in a magnetic field and has large quantum efficiency. Readout electronics for APD are being developed. The readout electronics utilizes DRS4 chip [4] that digitizes waveforms with 1 GHz sampling rate.
The most crucial R&D was the choice of the crystal. Two inorganic scintillating crystals, GSO (Gd 2 SiO 5 ) and LYSO (Lu 2−x Y x SiO 5 ), were chosen as the candidates. The GSO produced by Hitachi Chemical has dimensions of 2 × 2 × 15 cm 3 , and the LYSO produced by Saint-Gobain has those of 2 × 2 × 12 cm 3 . The longitudinal lengths correspond to 10.9 and 10.5 in the unit of radiation length, respectively. Their characteristics are listed together with other inorganic crystals for comparison in Table I . Both the crystals have better characteristics than the others and satisfy the requirement for time response. LYSO is totally better than GSO but costs twice as much. As a result, a comparison of their performance was required to choose the crystal for the ECAL and we carried out a beam test of a prototype ECAL.
III. BEAM TEST A. Prototype ECAL Fig. 4 describes the prototype ECAL and beam test setup. Fig. 5 is a GSO crystal. The APD was put on the back of the crystal. Every crystal was wrapped with PTFE tape for light reflection. An array of 7 × 7 crystal matrix of GSO or LYSO forms the main part, in which small matrices of 2 × 2, 2 × 3, and 3 × 3 are grouped together by aluminized Mylar bag. Fig. 6 shows a picture of the LYSO array. In the case of GSO, the longitudinal length of crystals except for those of the central 3 × 3 is 12 cm, and was shorter than the original design (Fig. 7) . We newly developed readout electronics, which includes prototype amplifier and preamplifier shown in Fig. 8 . Waveforms coming via this readout chain were digitized and recorded by a VME module, CAEN V1742, containing the DRS4 chips. In front of the crystal array, the finger trigger counters consisting of two 1 mm thick plastic scintillators were installed for beam triggering. The incident position was measured by the fiber beam define counters composed of 32 × 32 plastic scintillating fibers with a cross section of 1 × 1 mm 2 .
B. Experiment and the results
The beam test was carried out by using an electron beam with momenta ranging from 65 to 145 MeV/c in March 2014 at the Research Center for Electron Photon Science at Tohoku University, Japan. In the analysis, every waveform was fitted by the waveform template obtained by averaging the data channel by channel. Energy calibration was done relatively among the 49 crystals with cosmic rays and absolutely by using electron beams. A simple clustering algorithm was applied to sum up energy deposits in the crystals. The resulting energy spectra of GSO and LYSO at 105 MeV/c are shown in Fig. 9 . The black dots are the data and the red lines represent Geant4 based Monte Carlo (MC) spectra where the detector setup in the beam test was constructed. These MC spectra convolute Gaussian function and were fitted to the data. The MC shapes reproduced the data spectra with three fitting parameters: normalizing constant, energy scaling factor, and standard deviation (sigma) of the convoluted Gaussian. Fig. 10 illustrates the definition of linearity and energy resolution. E peak is the energy of the peak and W H is the high energy side half width at half maximum (HWHM) of it. They were calculated from the fitted MC spectrum. The linearity and the energy resolution are defined as E peak and as σ H /E peak = W H / √ 2 ln 2/E peak against the beam momentum, respectively. Resolution of high energy side is important to suppress the DIO contamination close to the signal region, we therefore evaluated by W H . √ 2 ln 2 is the conversion factor from HWHM to sigma of Gaussian. This conversion is because the requirement is defined by the sigma, and we assumed the shape of the tail approximates to that of The definition of linearity and energy resolution. They were calculated from the fitted MC spectrum (red line). The energy resolution is defined as σ H /E peak , where σ H = W H / √ 2 ln 2. E peak and W H are the energy of and the high energy side half width at half maximum of the peak, respectively. The linearity was evaluated by E peak against the beam momentum.
Gaussian. Fig. 11 shows the linearity. The errors of the data in Fig. 11 are negligibly small. Both the crystals have good linearity and the non linearity, deviation from the fitted linear function, was within 1%. Fig. 12 shows the energy resolution. The bars are statistic and the brackets are systematic errors. The latter was evaluated from binning, fitting range, temperature correction of the APDs, and energy calibration. GSO and LYSO have energy resolution of 5.50 ± 0.02(stat) ± 0.04(syst)% and 4.91 ± 0.01(stat) ± 0.07(syst)% at 105 MeV/c, respectively. These were fitted by
with three parameters: a (stochastic), b (constant), and c (noise) terms, and ⊕ stands for quadratic sum. However, it is still difficult to decompose the energy resolution into the three terms because the constant terms are very fluctuating. Position resolution is defined as the distance between the positions that was reconstructed by the clustering algorithm and that was measured by the fiber beam define counters. The former position is the center of energies deposited in the cluster. For example, Fig. 13 shows the histogram of the GSO data at 105 MeV/c. One can get σ x and σ y by fitting a two dimensional Gaussian function to it. The resulting position resolution,
is shown in Fig. 14 The energy and position resolution depend on the beam incident position on the ECAL. In order to see the dependence, the data were cut according to the region of the beam incident position. Fig. 15 illustrates the configuration of the region cut. We divided the central 30×30 mm 2 area of the beam incident front surface of the crystal array into three regions: center, border, and corner. Fig. 16 shows comparison of all the results, and a clear difference can be seen. The position resolution at 105 MeV/c is still below the requirement. Although only the energy resolution of the corner region is a bit worse than 5%, we estimate that it will be ameliorated by, for example, improvement on calibration and electrical noise. IV. CONCLUSION The COMET experiment searches for µ − e conversion at J-PARC and the R&D of the ECAL is in progress. The prototype ECAL was developed using two candidate inorganic scintillating crystals, GSO and LYSO, to compare their performance in the beam test. As for the results of the beam test, they have good linearity and the non linearity less than 1%, and GSO (LYSO) has the energy resolution of 5.50 ± 0.02(stat) ± 0.04(syst)% (4.91 ± 0.01(stat) ± 0.07(syst)%) and the position resolution of 8.1 mm (7.9 mm) at 105 MeV/c. Only LYSO satisfies the required energy resolution better than 5% at 105 MeV. Both the crystals satisfy the required position resolution shorter than 1 cm. The energy and position resolution depend on the beam incident position. Still, it is thought that they can meet the requirements. From these results, we finally decided to choose LYSO for the COMET ECAL.
We are still aiming at achieving a much better performance. R&D of gain calibration method for APDs and the next prototype of the readout electronics have begun. We are developing the next prototype ECAL with a larger scale with the final design is under development and we will beam-test it. 
